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(54) LOGICAL OPERATION CIRCUIT AND LOGICAL OPERATION METHOD 



(57) To provide a logical operation circuit which can 
perform a logical operation using a ferroelectric capac- 
itor and a logical operation method. A logical operation 
circuit 1 has a ferroelectric capacitors CF and a transis- 
tor MP. The ferroelectric capacitor CF can retain a po- 
larization state P1 (y = 1) or P2 (y = 0) corresponding to 
first operation target data y. In an operation process, a 
first terminal 3 of the ferroelectric capacitor 1 is pre- 



charged to a source potential Vdd, and a potential cor- 
responding to second operation target data x, that is, a 
ground potential GND (x = 1) or the source potential Vdd 
(x = 0), is given to a second terminal 5 of the ferroelectric 
capacitor via a bit line BL. When the threshold voltage 
Vth of the transistor MP is set properly, the transistor MP 
becomes on or off (on, on, on, off) depending on the 
combination of x and y (0-0, 0-1,1-0, 1-1). 
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Description 

Cross-reference to Related Applications 

[0001] The entire disclosure of Japanese Patent Ap- 
plication No. 2002-18661 filed on January 28, 2002 in- 
cluding their specification, claims, drawings and sum- 
mary are incorporated herein by reference in its entirety. 

Technical Field 

[0002] This invention relates to a logical operation cir- 
cuit and a logical operation method and, more particu- 
larly, to a logical operation circuit, a logical operation de- 
vice and a logical operation method using a non-volatile 
memory element such as a ferroelectric capacitor. 

Background Art 

[0003] A non-volatile memory is known as a circuit us- 
ing a ferroelectric capacitor. It is possible to realize a 
rewritable non-volatile memory which can operate on a 
low voltage by using a ferroelectric capacitor. 
[0004] However, such a conventional circuit cannot 
perform a logical operation on data even if it can store 
data. 

Disclosure of the Invention 

[0005] The object of this invention is to solve the prob- 
lem of a conventional circuit using a ferroelectric capac- 
itor and to provide a logical operation circuit and a logical 
operation device which can perform a logical operation 
using a non-volatile memory element such as a ferroe- 
lectric capacitor and a logical operation method using 
the logical operation circuit or the logical operation de- 
vice. 

[0006] A logical operation circuit according to this in- 
vention comprises: a ferroelectric capacitor; a first signal 
line; a second signal line; and an operation result output 
section. The ferroelectric capacitor can retain a polari- 
zation state corresponding to first operation target data, 
and has first and second terminals. The first signal line 
is connected to the first terminal of the ferroelectric ca- 
pacitor. The second signal line can provide second op- 
eration target data to the second terminal of the ferroe- 
lectric capacitor retaining the polarization state corre- 
sponding to the first operation target data, and is con- 
nected to the second terminal of the ferroelectric capac- 
itor. The operation result output section can output the 
result of a logical operation on the first and second op- 
eration target data based on a polarization state of the 
ferroelectric capacitor generated by providing the sec- 
ond operation target data to the ferroelectric capacitor, 
and is connected to the first signal line. 
[0007] A logical operation circuit according to this in- 
vention comprises: a ferroelectric capacitor having first 
and second terminals; first and second signal lines con- 



nected to the first and second terminals, respectively; 
and an output transistor. The output transistor is an elec- 
tric field effect transistor which has a gate terminal con- 
nected to the first signal line and an output terminal for 

5 outputting an output signal corresponding to a control 
signal inputted into the gate terminal, and which be- 
comes off when a potential on a first reference potential 
side from its threshold voltage is given as the control 
signal and becomes on when a potential on a second 

10 reference potential side from its threshold voltage is giv- 
en as the control signal: In the logical operation circuit, 
the following operation is performed: the first and sec- 
ond signal lines are connected to one of the first and 
second reference potentials and the other of the first and 

15 second potentials, respectively, to generate a polariza- 
tion state corresponding to first operation target data in 
the ferroelectric capacitor. The first and second signal 
lines are then both connected to the second reference 
potential to precharge the first signal line to the second 

20 reference potential without causing a change in the re- 
sidual polarization state of the ferroelectric capacitor. 
Then, the application of voltage to the first signal line is 
stopped and the second signal line is connected to'the 
first or second reference potential corresponding to sec- 

25 ond operation target data, and an output signal pro- 
duced at the output terminal of the output transistor in 
response to a potential which is generated in the first 
signal line when the second signal line is connected to 
the first or second reference potential corresponding to 

30 the second operation target data is obtained as the re- 
sult of a logical operation on the first and second oper- 
ation target data. 

[0008] A logical operation circuit according to this in- 
vention comprises: a non-volatile memory element 

35 which can retain a non-volatile state corresponding to 
first operation target binary data y and which has first 
and second terminals; and an operation result output 
section which outputs, based on a state of the non-vol- 
atile memory element generated by providing second 

40 operation target binary data x to the second terminal of 
the non-volatile memory element, the result of a logical 
operation on the first and second operation target binary 
data x and y as operation result binary data z. The op- 
eration result binary data z substantially satisfies the fol- 

45 lowing relation: 

z = x AND y. . 

so [0009] A logical operation circuit according to this in- 
vention comprises: a non-volatile memory element 
which can retain a non-volatile state corresponding to 
first operation target data; and an operation result output 
section which outputs, based on a state of the non-vol- 

55 atile memory element generated by providing second 
operation target data to the non-volatile memory ele- 
ment, the result of a logical operation on the first and 
second operation target data and which is connected to 
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a first terminal of the non-volatile memory element. 
[0010] A logical operation method comprising the 
steps of: causing a first ferroelectric capacitor having 
first and second terminals to retain a polarization state 
corresponding to first operation target data; charging the 
first terminal of the ferroelectric capacitor retaining the 
polarization state to a specified reference potential; and 
obtaining, based on a polarization state of the ferroelec- 
tric capacitor generated by providing second operation 
target data to the second terminal of the ferroelectric ca- 
pacitor with the first terminal of the ferroelectric capac- 
itor charged to the specified reference potential, the re- 
sult of a logical operation on the first and second oper- 
ation target data. 

[001 1] Although the features of this invention can be 
expressed as above in a broad sense, the constitution 
and content of this invention, as well as the object and 
features thereof, will be apparent with reference to the 
following disclosure, taken in connection with the ac- 
companying drawings. 

Brief Description of the Drawings 

[0012] 

FIG. 1 is a circuit diagram illustrating a logical op- 
eration circuit 1 according to an embodiment of this 
invention; 

FIG. 2 is a timing diagram illustrating the operation 

of the logical operation circuit 1; 

FIG. 3A is a view illustrating the state of the logical 

operation circuit 1 during a writing process; 

FIG. 3B is a graph illustrating the polarization state 

of a ferroelectric capacitor CF during the writing 

process; 

FIG. 4A is a view illustrating the state of the logical 

operation circuit 1 during a retention process and a 

first stage OP1 of an operation process; 

FIG. 4B is a graph illustrating the polarization state 

of a ferroelectric capacitor CF during the retention 

process and the first stage OP1 of the operation 

process; 

FIG. 5 A is a view illustrating the state of the logical 
operation circuit 1 during a second stage OP2 of the 
operation process; 

FIG. 5B is a graph illustrating the polarization state 
of a ferroelectric capacitor CF during a second 
stage OP2 of the operation process; 
FIG. 6A is a table showing the relation among first 
and second operation target data y1 and y2 and the 
value of an output fine ML when the logical opera- 
tion circuit 1 is caused to perform a logical operation 
"ML = x AND y"; 

FIG. 6B is a table showing the relation among first 
and second operation target data y1 and y2 and the 
value of an output line ML when the logical opera- 
tion circuit 1 is caused to perform a logical operation 
"ML = x NOR y"; 



FIG. 7A is a block diagram illustrating the logical op- 
eration circuit 1 shown in FIG. 1; 
FIG. 7B is a block diagram illustrating a content ad- 
dressable memory 21 using the logical operation 
5 circuits 1 shown in FIG. 1; 

FIG. 7C is a view used to explain the logical 
processing of word circuits in the content address- 
able memory 21, taking a word circuit Bi as an ex- 
ample; 

10 FlG. 8 is a circuit diagram of the word circuit Bi, 
shown in FIG. 7C, which is realized using the logical 
operation circuits 1 ; 

FIG. 9A and FIG. 9B are views used to explain the 
relation among the characteristics of the ferroelec- 
15 trie capacitor CF and a transistor MP in the first em- 
bodiment; 

FIG. 9C is a view used to explain the limit conditions 
under which the ferroelectric capacitor CF does not 
undergo a polarization inversion in another embod- 

20 iment; 

FIG. 10A is a plan view schematically illustrating a 
part of a logical operation circuit using a TMR ele- 
ment 1 51 as a non-volatile memory element; 
FIG. 10B and FIG. 10C are cross-sectional views 

25 taken along the lines b-b and c-c, respectively, in 
FIG. 10A; 

FIG. 11A to FIG. 11D are views used to explain the 
relation among the directions of currents IC1 and 
IC2 which are passed through input lines 167 and 
30 169, respectively, in a writing process and the 
changes in the magnetizing direction of a ferromag- 
netic jayer 1 63; and 

FIG. 12A and FIG. 12B are views used to explain a 
method for controlling the transistor MP based on 
35 data written into the TMR element 151 (a method 
for performing a reading process). 

Best Mode for Carrying out the Invention 

^o [0013] FIG. 1 is a circuit diagram illustrating a logical 
operation circuit 1 according to an embodiment of this 
invention. The logical operation circuit 1 comprises a fer- 
roelectric capacitor CF, a transistor MP as an output 
transistor, and transistors M1 and M2. The transistors. 

« MP, M1 and M2 are N-channel MOSFETs (metal oxide 
semiconductor field effect transistors). 
[001 4] The ferroelectric capacitor CF has a first termi- 
nal 3 connected to a first signal line 7, and a second 
terminal 5 connected to a second signal line 9. The first 

50 signal line 7 is connected to a gate terminal of the tran- 
sistor MP. 

[0015] The first signal line 7 is connected to a plate 
line PL via the transistor M1 and to the second signal 
line 9 via the transistor M2. The transistors M1 and M2 
55 have gate terminals connected to a read/write line RWL 
and a word line WL, respectively. 
[0016] The transistor MP has an input terminal con- 
nected to a ground potential GND as a first reference 
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potential via the transistor M3, and an output terminal 
connected to an output line ML. The output line ML is 
connected to a source potential Vdd as a second refer- 
ence potential via the transistor M4. The transistors M3 
and M4 have gate terminals connected to a preset line 5 
PRE. 

[0017] The transistor M3 is an N-channel MOSFET 
(metal oxide semiconductor field effect transistor), and 
the transistor M4 is a P-channel MOSFET (metal oxide 
semiconductor field effect transistor). 10 
[0018] FIG. 9A and FIG. 9B are views used to explain 
the relation among the characteristics of the ferroelectric 
capacitor CF and the transistor MP. FIG. 9A and FIG. 
9B are enlarged views of a part of FIG. 5B f which illus- 
trates the polarization state of the ferroelectric capacitor 15 
during an operation. 

[0019] In the drawings, Vd: the absolute value of the 
difference between the ground potential GND as a first 
reference potential and the source potential Vdd as a 
second reference potential, CG: the gate capacitance 20 
of the output transistor MP, CFrev: the average capaci- 
tance of the ferroelectric capacitor in the inversion di- 
rection, CFnon: the average capacitance of the ferroe- 
lectric capacitor in the non-inversion direction, Va1: the 
absolute value of the difference between the potential 25 
which is generated at the gate terminal of the output 
transistor CG and the ground potential GND as a first 
reference potential when first operation target data y - 
1 (which corresponds to the polarization state P1 of the 
ferroelectric capacitor CF) and second operation target 30 
data X = 1 (which corresponds to the state in which a 
bit line BL is connected to the ground potential GND) , 
and Va2: the absolute value of the difference between 
the potential which is generated at the gate terminal of 
the output transistor MP and the ground potential GND 35 
as a first reference potential when first operation target 
data y = 0 (which corresponds to the polarization state 
P2 of the ferroelectric capacitor CF) and second opera- 
tion target data x = 1 (which corresponds to the state in 
which the bit line BL is connected to the ground potential *o 
GND). 

[0020] As can be understood from FIG. 9A, 



Va1 = CGA/d/(CFrev + CG). 



[0021] Similarly, from FIG. 9B, 



Va2 = CGVd/(CFnon + CG). 



(1) 



(2) 



[0022] As described later, the threshold voltage of the 
transistor MP is set such that the transistor MP becomes 
off when y = 1 and x = 1 and becomes on when y = 0 
and x = 1. That is, 



45 



50 



55 



Va1 < Vath < Va2. 



(3) 



[0023] From the relations (1) to (3), the following re- 
lation is obtained: 



CFnon/CG + 1 < VdA/ath < CFrev/CG + 1. (4) 

[0024] In this embodiment, the absolute value Vath of 
the difference between the threshold voltage of the out- 
put transistor MP and the ground potential GND as a 
first reference potential is smaller than the coercive elec- 
tric field Vc of the ferroelectric capacitor CF. In this case, 
even when the polarization state of the ferroelectric ca- 
pacitor CF is shifted toward an inversion by an opera- 
tion, in other words, when the output transistor MP be- 
comes OFF in response to the result of the operation at 
the time when y =1 and x = 1 , the ferroelectric capacitor 
CF does not undergo a polarization inversion. 
[0025] As described above, in this embodiment, the 
characteristics of the ferroelectric capacitor CF and the 
transistor MP are determined such that the absolute val- 
ue Vath of the difference between the threshold voltage 
of the output transistor MP and the ground potential 
GND as a first reference potential is smaller than the 
coercive electric field Vc of the ferroelectric capacitor 
CF and satisfies the relation (4). Thus, a logical opera- 
tion can be performed on first operation target data y 
and second operation target data x with a residual po- 
larization corresponding to the first operated target data 
maintained, that is, without destroying the first operation 
target data y. 

[0026] Even if the absolute value Vath of the differ- 
ence between the threshold voltage of the output tran- 
sistor MP and the ground potential GND as a first refer- 
ence potential is not smaller than the coercive electric 
field Vc of the ferroelectric capacitor CF, a logical oper- 
ation can be performed on first operation target diata y 
and second operation target data x with a residual po- 
larization corresponding to the first operation target data 
maintained, that is, without destroying the first operation 
target data y. The conditions for it will be described be- 
low. 

[0027] The marginal conditions under which the fer- 
roelectric capacitor CF does not undergo a polarization 
inversion when the polarization state of the ferroelectric 
capacitor CF is shifted toward an inversion by an oper- 
ation, that is,.when y =1 and x = 1, will be described with 
FIG. 9C. 

[0028] In the drawing, Vd: the absolute value of the 
difference between the ground potential GND as a first 
reference potential and the, source potential Vdd as a 
second reference potential, CGc: the gate capacitance 
of the output transistor CG at the limit at which the fer- 
roelectric capacitor CF does not undergo a polarization 
inversion, Vc: the coercive electric field of the ferroelec- 
tric capacitor CF, and Pn a residual polarization of the 
ferroelectric capacitor CF. 
[0029] As can be understood from FIG. 9C, 
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CGc = Pr/(Vd - Vc) (5) 

[0030] Not to cause a polarization inversion of the fer- 
roelectric capacitor CF even when the polarization state 
of the ferroelectric capacitor CF is shifted toward an in- 
version by an operation, that is, when y =1 and x = 1, 
the gate capacitance CG of the output transistor CG 
must be: 

CG <= CGc. (6) 
[0031] From the relations (5) and (6), 

CG <= Pr/(Vd - Vc). (7) 

[0032] Since the absolute value Vath of the difference 
between the threshold voltage of the output transistor 
MP and the ground potential GND as a first reference 
potential is not smaller than the coercive electric field 
Vc of the ferroelectric capacitor CF from the given con- 
dition, it is apparent that the output transistor MP be- 
comes off when y = 1 and x = 1 . 
[0033] To cause the output transistor MP to become 
on when y = 0 and x = 1 , the following relation must be 
satisfied as is the case shown in FIG. 9B: 

CFnon/CG + 1 < Vd/Vath (8) 

[0034] That is, when the above relations (7) and (8) 
are satisfied, even if the absolute value Vath of the dif- 
ference between the threshold voltage of the output 
transistor MP and the first reference potential is not 
smaller than the coercive electric field Vc of the ferroe- 
lectric capacitor CF, a logical operation can be per- 
formed on the first operation target date y and the sec- 
ond operation target date x with the polarization state 
corresponding to the first operation target data main- 
tained, that is, without destroying the first operation tar- 
get data y. 

[0035] Description will be made of the operation of the 
logical operation circuit 1. FIG. 2 is a timing diagram il- 
lustrating the operation of the logical operation circuit 1. 
[0036] In a writing process, an "L" potential (that is, 
the ground potential GDD as a first reference potential) 
and an "H" potential (that is, the source potential Vdd as 
a second reference potential) are given to the word line 
WL and the read/write line RWL, respectively. The first 
operation target data y and fy (inversion data of y) are 
given to the bit line BL and the plate line PL, respectively. 
In this embodiment, when y = 1, "H" and "L" are given 
to the bit line BL and the plate line PL, respectively. 
Thus, in the writing process shown in FIG. 2, y = 1 is 
given as the first operation target data. The negation of 
a binary number (binary signal) "A" (inversion signal) is 



represented as 7A", unless otherwise stated. 
[0037] FIG. 3A is a view illustrating the state of the 
logical operation circuit 1 during the writing process, and 
FIG. 3B is a graph illustrating the polarization state of 

5 the ferroelectric capacitor CF during the writing process. 
As shown in FIG. 3A, the transistors M2 and M1 are off 
and on, respectively, and "L" and "IT are applied to the 
first terminal 3 and the second terminal 5, respectively, 
of the ferroelectric capacitor CF. 

10 [0038] At this time, the ferroelectric capacitor CF ex- 
hibits a polarization state P3 as shown in FIG. 3B. When 
y = 0 is given as the first operation target data, however, 
the ferroelectric capacitor CF exhibits a polarization 
state P4. 

15 [0039] Since an "L" is given to the preset line PRE in 
this process as shown in FIG. 2, the transistors M3 and 
M4 are off and on, respectively. Thus, the output line ML 
has an "H". 

[0040] As shown in FIG. 2, the writing process is fol- 
20 lowed by a retention process. In the retention process, 
"IT and "L" are given to the word line WL and the read/ 
write line RWL, respectively, and an "L" is given to both 
the bit line BL and the plate line PL. 
[0041] FIG. 4A is a view illustrating the state of the 
25 logical operation circuit 1 during the retention process, 
and FIG. 4B is a graph illustrating the polarization state 
of the ferroelectric capacitor CF during the retention 
process. As shown in FIG. 4A, the transistors M2 and 
M1 are on and off, respectively, and an "L" is applied to 
30 both the first terminal 3 and the second terminal 5 of the 
ferroelectric capacitor CF. 

[0042] At this time, the ferroelectric capacitor CF ex- 
hibits a polarization state P1 as shown in FIG. 4B. When 
y = 0 has been given as the first operation target data, 
35 however, the ferroelectric capacitor CF exhibits a polar- 
ization state P2. 

[0043] Also in this process, since an "L" is given to the 
preset line PRE as shown in FIG. 1, the transistors M3 
and M4 are off and on, respectively. Thus, the output 

40 line ML has an "H". 

[0044] As shown in FIG. 2, the retention process is 
followed by an operation process. The operation proc- 
ess is divided into a first stage OP1 , a second stage OP2 
and a third stage OP3. In the first stage OP1 of the op- 

45 eration process, a process similar to the retention proc- 
ess is performed. This process is, however, different 
from the retention process in that an "H" is given to the 
bit line BL. 

[0045] The first stage OP1 of the operation process 
50 can be explained using FIG. 4A and FIG. 4B; which il- 
lustrate the retention process. That is, as shown in FIG. 
4A, in the first stage OP1 of the operation process, the 
transistors M2 and M1 are on and off, respectively. How- 
ever, an "H" is applied to both the first terminal 3 and the 
55 second terminal 5 of the ferroelectric capacitor CF. By 
this process, the first terminal 3* that is, the gate capac- 
itance CG of the transistor MP is precharged to the 
source potential Vdd. 
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[0046] At this time, as shown in FIG. 4B, the ferroe- 
lectric capacitor CF exhibits a polarization state P1 as 
in the case with the retention process. When y = 0 has 
been given as the first operation target data, however, 
the ferroelectric capacitor CF exhibits a polarization 5 
state P2. 

[0047] Also in this process, since an "L" is given to the 
preset line PRE as shown in FIG. 1, the transistors M3 
and M4 are off and on, respectively. Thus, the output 
line ML has an "H". 10 
[0048] As shown in FIG. 2, the first stage OP1 of the 
operation process is followed by the second stage OP2. 
In the second stage OP2, an n L" is given to both the word 
line WL and the read/write line RWL, and second oper- 
ation target data x are given to the bit line BL. In this 15 
embodiment, when x = 1, an "L" is given to the bit line 
BL. Thus, in the second stage OP2 of the operation 
process shown in FIG. 2, x = 1 is given as the second 
operation target data. An "L" is given to the plate line PL. 
[0049] FIG. 5A is a view illustrating the state of the 20 
logical operation circuit during the second stage OP2 of 
the operation process, and FIG. 5B is a graph illustrating 
the polarization state of the ferroelectric capacitor CF 
during the second stage OP2 of the operation process. 
As shown in FIG. 5A, the transistors M2 and M1 are both 25 
off, and an "L" is applied to the second terminal 5 of the 
ferroelectric capacitor CF. 

[0050] According to a graphical analysis, the polari- 
zation state of the ferroelectric capacitor CF is shifted 
from P1 to P7 at this time as shown in FIG. 5B. At this 30 
time, the state of the gate capacitance CG of the tran- 
sistor MP is shifted from P9 to P7. That is, the potential 
Va at the gate terminal of the transistor MP is changed 
from Vdd to the difference between P1 and P7 (which 
is equal to Va1 mentioned before). 35 
[0051] In this case, the transistor MP becomes off 
since the absolute value Vath (which is equal to Vth in 
this embodiment) of the difference between the thresh- 
old voltage Vth of the transistor MP and the ground po- 
tential GND is set to satisfy the relation (3) as described *o 
before. 

[0052] When y = 0 has been given as the first opera- 
tion target data, however, the polarization state of the 
ferroelectric capacitor CF is shifted from P2 to P8. At 
this time, the state of the gate capacitance GC of the 46 
transistor MP is shifted from P10 to P8. That is, the po- 
tential Va at the gate terminal of the transistor MP is 
changed from Vdd to the difference between P2 and P8 
(which is equal to the Va2 mentioned before). As a re- 
sult, the transistor MP becomes on, in contrast to when 50 
y=1. 

[0053] When y = 1 has been given as the first opera- 
tion target data and x = 0 is given as the second oper- 
ation target data (the process represented as OP2' in 
the operation process in FIG. 2), the polarization state 55 
of the ferroelectric capacitor CF is maintained at P1 as 
shown in FIG. 5B. At this time, the state of the gate ca- 
pacitance GC of the transistor MP is maintained at P9. 



That is, the voltage Va at the gate terminal of the tran- 
sistor MP is maintained at Vdd. Thus, the transistor MP 
becomes on. 

[0054] When y = 0 has been given as the first opera- 
tion target data and x = 0 is given as the second oper- 
ation target data, the polarization state of the ferroelec- 
tric capacitor CF is maintained at P2 as shown in FIG. 
5B. At this time, the state of the gate capacitance GC of 
the transistor MP is maintained at P10. That is, the volt- 
age Va at the gate terminal of the transistor MP is main- 
tained at Vdd. Thus, the transistor MP becomes on. 
[0055] In the second stage OP2 of the operation proc- 
ess, since an "H" is given to the preset line PRE as 
shown in FIG. 2, the transistors M3 and M4 are on and 
off, respectively. Thus, the value of the output line ML 
differs depending on whether the transistor MP is on or 
off. That is, as shown in FIG. 1 , the value of the output 
line ML becomes "L" or "H" dependjng on whether the 
transistor MP is on or off. When the values "L" and n H" 
of the output line ML are associated with a logic "0 n and 
a logic "1", respectively, the relation among the first op- 
eration target data y, the second operation target data 
x and the value of the output line ML (the result of the 
logical operation) is as shown in FIG. 6A. 
[0056] As can be understood from FIG. 6A, the logical 
operation circuit 1 performs a logical operation "ML = x 
AND y (AND of x and y)". 

[0057] As shown in FIG. 2, the second stage OP2 of 
the operation process is followed by the third stage OP3. 
The process in the third stage OP3 is the same as the 
retention process described before, and hence its de- 
scription is omitted here. 

[0058] To obtain the ANDs of a first operation target 
data set y and a plurality of second operation target data 
sets x, after the first operation target data set y is written 
once as shown in FIG. 2, the operation process is per- 
formed on the plurality of second operation target data 
sets x. In such a case, since the first operation target 
data set y is not destroyed by the operation process, 
there is no need to rewrite the first operation target data 
set y. 

[0059] When the first operation target data set y and 
the second operation target data set x are both different 
every time, a cycle consisting of a writing process, a re- 
tention process and an operation process is repeated. 
[0060] Although first operation target data which 
cause the residual polarization states P1 and P2 are de- 
fined as y = 1 and y = 0, respectively, and second oper- 
ation target data which cause the bit fine BL to have "L" 
and W H" in the second stage OP2 of the operation proc- 
ess are defined as x = 1 and x = 0, respectively, so that 
a logical operation "ML = x AND y (AND of x and y) M can 
be performed as shown in FIG. 6A in the above embod- 
iment, this invention is not limited thereto. 
[0061] For example, when first operation target data 
which cause the residual polarization states P1 and P2 
are defined as y = 0 and y = 1 , respectively, and second 
operation target data which cause the bit line BL to have 
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"L" and "H" in the second stage OP2 of the operation 
process are defined as x = 0 and x = 1 , respectively, a 
logical operation "ML = x NOR y (NOR of x and y)" can 
be performed as shown in FIG. 6B. 
[0062] FIG. 7A is a block diagram of the logical oper- 
ation circuit 1 shown in FIG. 1. In FIG. 7A, the ferroelec- 
tric capacitor CF is represented as a memory function 
block 1 1 and the ferroelectric capacitor CF and the tran- 
sistor MP are represented as a threshold operation func- 
tion block 13. That is, the logical operation circuit 1 
shown in FIG. 1 can be regarded as a circuit having a 
memory function block 11 for storing the first operation 
target data y, a threshold operation function block 13 for 
performing a logical operation on the second operation 
target data x and the first operation target data y, and a 
transistor MP which is controlled to be on or off accord- 
ing to the result of the logical operation. 
[0063] FIG. 7B is a block diagram illustrating a content 
addressable memory 21 using the logical operation cir- 
cuits 1 shown in FIG. 1. The content addressable mem- 
ory 21 has a retrieval word retaining section 23, a word 
circuit arrangement section 25, and an output circuit 
section 27. The retrieval word retaining section 23 re- 
tains a retrieval word S as a retrieving target. The word 
circuit arrangement section 25 has word circuits B1, 
B2, and Bn. The output circuit section 27 performs 
specified processing based on an output from the word 
circuit arrangement section 25. 

[0064] FIG. 7C is a view used to explain the logical 
processing in the word circuits, taking a word circuit Bi 
as an example. As can be understood from FIG. 7C, the 
word circuit Bi calculates n Z(S, Bi) n according to the fol- 
lowing equation: 

Z(S, Bi) = 0(S = Bi), 1 (S * Bi) (9) 

[0065] That is, in the word circuit Bi, when an m-bit 
retrieval word S and an m-bit reference words Bi com- 
pletely coincide with each other, Z(S, Bi) = 0, otherwise 
Z(S, Bi) = 1 . 

[0066] FIG. 8 is a circuit diagram of the word circuit Bi 
shown in FIG. 7C, which is realized using the logical op- 
eration circuits 1 . For example, a logical operation circuit 
31 , which has the same constitution as the logical oper- 
ation circuit 1, has a memory function block 33 for stor- 
ing first operation target data bim, a threshold operation 
function block 35 for calculating the AND of second op- 
eration target data sm-1 and the first operation target 
data bim, and a transistor 37 which is controlled to be 
on or off according to the result of the operation as 
shown in FIG. 8. 

[0067] Similarly, a logical operation circuit 41 has a 
memory function block 43 for storing first operation tar- 
get data /bim, a threshold operation function block 45 
for calculating the AND of second operation target data 
/sm-1 and the first operation target data /bim, and a tran- 
sistor 47 which is controlled to be on or off according to 



the result of the operation. 

[0068] Since the transistors 37 and 47 are connected 
in series to each other, the OR of outputs from the tran- 
sistors 37 and 47 is given to a node 51. That is, the log- 

5 ical operation circuits 31 and 41 connected in series to 
each other constitute an EXNOR circuit 15 (a circuit for 
obtaining the exclusive NOR of bim and sm-1). 
[0069] Since the EXNOR circuit 15 is connected in 
parallel to an EXNOR circuit 53 (a circuit for obtaining 

10 the exclusive NOR of bi1 and sO), an EXNOR circuit 55 
(a circuit for obtaining the exclusive NOR of bi2 and 
s1 ), .... which have the same constitution as the EXNOR 
circuit 15, the AND of the outputs from the EXNOR cir- 
cuits 53, 55, and 15 is given to the node 51. Thus, z 

15 shown in the equation (9) can be obtained as the inver- 
sion output from the node 51. 

[0070] As described above, a memory operation cir- 
cuit such as a content addressable memory can be re- 
alized by using the logical operation circuits shown in 
20 FIG. 1. 

[0071] Although the transistor MP is an N-channel 
MOSFET in the above embodiment, this invention is not 
limited thereto. For example, this invention is applicable 
when the transistor MP is a P-channel MOSFET. 

25 [0072] Also in the above embodiments, the operation 
result output section has a field effect transistor as an 
output transistor which has a gate terminal connected 
to the first signal line and an output terminal for output- 
ting an output signal corresponding to a control signal 

30 inputted into the gate terminal and which becomes off 
when a potential on the first reference potential side 
from its threshold voltage is given as the control signal 
and becomes on when a potential on the second refer- 
ence potential side from its threshold voltage is given as 

35 the control signal, and the result of the logical operation 
is obtained as an output signal from the output transistor. 
[0073] The first signal line can be connected to the 
second reference potential to precharge the first termi- 
nal of the ferroelectric capacitor retaining a polarization 

40 state corresponding to the first operation target data to 
the second reference potential. When the result of the 
logical operation is outputted, the first signal line is con- 
nected to the second reference potential and then the 
connection is released, then the second signal line is 

45 connected to the first or second reference potential cor- 
responding to the second operation target data, and the 
result of the logical operation is outputted based on a 
potential which is generated in the first signal line when 
the second signal line is connected to the first or second 

50 reference potential corresponding to the second opera- 
tion target data. 

[0074] This invention, however, is not limited to the 
above constitution. For example, the first terminal of the 
ferroelectric capacitor CF may be precharged not to the 
55 second reference potential but to the first reference po- 
tential. 

[0075] Although the operation result output section is 
constituted of a field effect transistor in the above em- 
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bodiments, the operation result output section is not lim- 
ited thereto. The operation result output section can be 
anything as long as it can output the result of a logical 
operation on the first and second operation target data 
based on a polarization state of the ferroelectric capac- 
itor generated by providing the second operation target 
data to the ferroelectric capacitor. 
[0076] Although a ferroelectric capacitor is used as a 
non-volatile memory element in the above embodi- 
ments, the non-volatile memory element in this inven- 
tion is not limited to a ferroelectric capacitor. In general, 
an element having hysteresis characteristics can be 
used as a non-volatile memory element. 
[0077] Fl<3. 10A to FIG. 12Bare views used to explain 
an example of a logical operation circuit using a TMR 
(tunnel magnetoresistance) element (tunnel magne- 
toresistive element) as a non-volatile memory element. 
FIG. 1 0A is a plan view schematically illustrating a part 
of a logical operation circuit using a TMR element 151 
as a non-volatile memory element. FIG. 10B and FIG. 
10C are cross-sectional views taken along the lines b- 
b and c-c, respectively, in FIG. 10A. 
[0078] As shown in FIG. 10A to FIG. 10C, the TMR 
element 151 comprises a thin film like non-magnetic lay- 
er 165 of a dielectric material and a pair of ferromagnetic 
layers 161 and 163 of a ferromagnetic material. The fer- 
romagnetic layers 161 and 163 are laminated with the 
non-magnetic layer 165 interposed therebetween. The 
TMR element 151 is interposed between a pair of input 
lines 167 and 169. The input iines 167 and 169 are ar- 
ranged in contact with the ferromagnetic layers 161 and 
163, respectively. 

[0079] The input lines 167 and 169 correspond to the 
first and second signal lines, respectively. The portions 
of the ferromagnetic layers 161 and 163 in contact with 
the input lines 167 and 169 correspond to first and sec- 
ond terminals 161a and 163a, respectively, of the non- 
volatile element. 

[0080] A current can be passed in a desired direction 
through the input lines 167 and 169. The ferromagnetic 
layer 163 is referred also to as a free layer The mag- 
netizing direction of the ferromagnetic layer 163 is 
changed depending on the combination of currents flow- 
ing through the input lines 167 and 169. The ferromag- 
netic layer 161 is referred also to as a fixed layer. The 
magnetizing direction of the ferromagnetic layer 161 is 
not changed by the currents flowing through the input 
lines 167 and 169. In this example, the magnetizing di- 
rection of the ferromagnetic layer 161 is fixed to the 
rightward direction (first magnetizing direction) in the 
drawing. 

[0081] FIG. 11 A to FIG. 11 D are views used to explain 
the relation between the directions of currents IC1 and 
IC2 which are passed through the input lines 167 and 
169, respectively, in a writing process and the changes 
in the magnetizing direction of the ferromagnetic layer 
163. In FIG. 11A to FIG. 11D, IC1 = 0 represents that 
the current Id is flowing in a direction perpendicular to ' 
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the plane of the drawing and toward the viewer, and IC1 
= 1 represents that the current IC1 is flowing in a direc- 
tion perpendicular to the plane of the drawing and away 
from the viewer. Also, IC2 = 0 represents that the current 

5 IC2 is flowing in a direction perpendicular to the plane 
of the drawing and toward the viewer, and IC2 = 1 rep- 
resents that the current IC2 is flowing in a direction per- 
pendicular to the plane of the drawing and away from 
the viewer. The directions of the magnetic fields gener- 

10 ated around the input lines 167 and 169 are shown by 
the, arcuate arrows. 

[0082] When the currents IC1 and IC2 are flowing in 
the same direction as shown in FIG. 11 A and FIG. 11 D, 
since the magnetic fields generated around the input 

15 lines 1 67 and 1 69 are cancelled by each other in an area 
in the vicinity of the TMR element 151, the magnetizing 
direction of the ferromagnetic layer 163 is not changed. 
That is, the content stored in the ferromagnetic layer 1 63 
is not changed from that before a writing process. 

20 [0083] On the other hand, when the current IC1 and 
IC2 are flowing in the opposite directions as shown in 
FIG. 11B and FIG. 11C, since the magnetic fields gen- 
erated around the input lines 1 67 and 1 69 are enhanced 
by each other in an area in the vicinity of the TMR ete- 

25 ment 1 51 , the magnetizing direction of the ferromagnet- 
ic layer 163 is changed to the rightward direction (first 
magnetizing direction) or the leftward direction (second 
magnetizing direction) in the drawings. That is, the con- 
tent stored in the ferromagnetic layer 163 is renewed 

30 depending on the directions of the currents IC1 and IC2 
by a writing process. 

[0084] As described above, by controlling the currents 
IC1 and IC2, data can be written into the TMR element 
151. 

35 [0085] FIG. 12A and FIG. 12B are views used to ex- 
plain a method for controlling the transistor MP based 
on data written into the TMR element 151, that is, a 
method for performing a reading process. The gate ter- 
minal of the transistor MP is connected to the terminal 

40 1 61a of the TMR element 151 via the input line 167. The 
terminal 163a of the TMR element 151 is connected to 
a power source 153 via the input line 169. 
[0086] The electrical resistance of the TMR element 
1 51 is decreased whdn the magnetizing directions of the 

45 ferromagnetic layers 161 and 163 are the same and in- 
creases when the magnetizing directions of the ferro- 
magnetic layers 161 and 163 are different by a tunnel 
magnetoresistive effect. Thus, as shown in FIG. 12A 
and FIG. 12B,when the voltage of the power source 153 

50 is constant (the source voltage Vdd, for example), the 
current which flows through the TMR element 151 when 
the magnetizing direction of the ferromagnetic layer 163 
is rightward is greater than the current which flows when 
the magnetizing direction of the ferromagnetic layer 163 

55 is leftward. Using this, the transistor MP is controlled 
based on data written into the TMR element 151. 
[0087] When the state in which the magnetizing direc- 
tion of the ferromagnetic layer 163 after a writing proc- 
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ess is rightward and the state in which the magnetizing 
direction of the ferromagnetic layer 163 after a writing 
process is leftward are associated with first and second 
operation target data y = 1 and y = 0, respectively, when 
the case in which the potential given to the input line 1 69 
in a reading process is the source potential Vdd and the 
case in which the potential given to the input line 169 in 
a reading process is the ground potential GND are as- 
sociated with second operation target data x = 1 and x 
= 0, respectively, and when the case in which the tran- 
sistor MP becomes on in the reading process and the 
case in which the transistor MP becomes off in a reading 
process are associated with operation result data z = 1 . 
and z = 0, respectively, the logical operation circuit of 
this embodiment satisfies the following relation as in the 
case with the before-mentioned logical operation circuit 
using a ferroelectric capacitor as a non-volatile memory 
element: 

z = x AND y. 

[0088] In this specification, "A <= B" means that A is 
smaller than B or A is equal to B. 
[0089] The "average capacitance of a ferroelectric ca- 
pacitor in the inversion direction" herein means the av- 
erage capacitance value which the ferroelectric capac- 
itor has when its polarization state is shifted from a re- 
sidual polarization state corresponding to first operation 
target data to a new polarization state generated by pro- 
viding second operation target data to the ferroelectric 
capacitor and which is directed toward a polarization in- 
version. 

[0090] Also, the "average capacitance of a ferroelec- 
tric capacitor in the non-inversion direction" herein 
means the average capacitance value which the ferro- 
electric capacitor has when its polarization state is shift- 
ed from a residual polarization state corresponding to 
first operation target data to a new polarization state 
generated by providing second operation target data to 
the ferroelectric capacitor and which is directed in a di- 
rection opposite the polarization inversion. 
[0091] A logical operation circuit according to this in- 
vention comprises: a ferroelectric capacitor; a first signal 
line; a second signal line; and an operation result output 
section. The ferroelectric capacitor can retain a polari- 
zation state corresponding to first operation target data, 
and has first and second terminals. The first signal line 
is connected to the first terminal of the ferroelectric ca- 
pacitor. The second signal line can provide second op- 
eration target data to the second terminal of the ferroe- 
lectric capacitor retaining the polarization state corre- 
sponding to the first operation target data, and is con- 
nected to the second terminal of the ferroelectric capac- 
itor. The operation result output section can output the 
result of a logical operation on the first and second op- 
eration target data based on a polarization state of the 
ferroelectric capacitor generated by providing the sec- 



ond operation target data to the ferroelectric capacitor, 
and is connected to the first signal line. 
[0092] A logical operation method comprising the 
steps of: causing a first ferroelectric capacitor having 

5 first and second terminals to retain a polarization state 
corresponding to first operation target data; charging the 
first terminal of the ferroelectric capacitor retaining the 
polarization state to a specified reference potential; and 
obtaining, based on a polarization state of the ferroelec- 

10 trie capacitor generated by providing second operation 
target data to the second terminal of the ferroelectric ca- 
pacitor with the first terminal of the ferroelectric capac- 
itor charged to the specified reference potential, the re- 
sult of a logical operation on the first and second oper- 

15 ation target data. 

[0093] Thus, according to the above logical operation 
circuit or the logical operation method, when a polariza- 
tion state of the ferroelectric capacitor and the result of 
a logical operation are associated with each other, it is 

20 possible to obtain, based on a new polarization state of 
the ferroelectric capacitor generated by providing the 
second operation target data to the ferroelectric capac- 
itor retaining a polarization state corresponding to the 
first operation target data, the result of the logical oper- 

25 ation on the first and second operation target data. That 
is, a logical operation can be performed on data using 
a ferroelectric capacitor. 

[0094] In the logical operation circuit according to this 
invention, the first and second signal lines are connect- 

30 ed to one of first and second reference potentials and 
the other of the first and second reference potentials, 
respectively, to generate the polarization state corre- 
sponding to the first operation target data in the ferroe- 
lectric capacitor. 

35 [0095] Thus, any first operation target data can be 
stored in the ferroelectric capacitor via the first and sec- 
ond signal lines. Therefore, the first operation target da- 
ta, as well as the second operation target data, can be 
rewritten as needed. 

40 [0096] In the logical operation circuit according to this 
invention, the operation result output section has an out- 
put transistor which has a gate terminal connected to 
the first signal line and an output terminal for outputting 
an output signal corresponding to a control signal input- 

45 ted into the gate terminal. The output transistor is an 
electric field effect transistor which becomes off when a 
potential on the first reference potential side from its 
threshold voltage is given as the control signal and be- 
comes on when a potential on the second reference po- 

50 tential side from its threshold voltage is given as the con- 
trol signal. The result of the logical operation is obtained 
as an output signal from the output transistor. 
. [0097] Thus, the output transistor becomes off when 
the potential generated in the first signal line based on 

55 a new polarization state of the first ferroelectric capacitor 
generated by providing the second operation target data 
to the ferroelectric capacitor retaining a polarization 
state corresponding to the first operation target data is 
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on the first reference potential side from the threshold 
voltage and becomes on when the potential is on the 
second reference potential side from the threshold volt- 
age. Thus, by properly setting the threshold voltage of 
the output transistor, the result of the logical operation 5 
can be obtained as an output signal from the output tran- 
sistor. 

[0098] In the logical operation circuit according to this 
invention, the first signal line can be connected to the 
second reference potential to precharge the first termi- io 
nal of the ferroelectric capacitor retaining the polariza- 
tion state corresponding to the first operation target data 
to the second reference potential in the logical opera- 
tion circuit, when the result of the logical operation is 
outputted, the first signal line is connected to the second 15 
reference potential and the connection is released, then 
the second signal line is connected to the first or second 
reference potential corresponding to the second opera- 
tion target data, and the result of the logical operation 
is outputted based on a potential which is generated in 20 
the first signal line when the second signal line is con- 
nected to the first or second reference potential corre- 
sponding to the second operation target data. 
[0099] Thus, when the second operation target data 
correspond to the second reference potential, the sec- 25 
ond potential is generated in the first signal line regard- 
less of the content of the first operation target data. 
Thus, when the second operation target data corre- 
spond to the second reference potential, the output tran- 
sistor becomes on regardless of the content of the first 30 
operation target data. On the other hand, when the sec- 
ond operation target data correspond to the first refer- 
ence potential, two different potentials between the first 
and second reference potentials can be generated de- 
pending on the content of the first operation target data. 35 
thus, when the threshold voltage of the output transistor 
is set to a value between the two different potentials, the 
output transistor becomes on or off depending on the 
content of the first operation target data when the sec- 
ond operation target data correspond to the first refer- *o 
ence potential. That is, it is possible to perform a logical 
operation which causes the output transistor to be off 
only when the values of the first and second operation 
target data are in a particular combination. 
[0100] A logical operation circuit according to this in- 45 
vention comprises: a ferroelectric capacitor having first 
and second terminals; first and second signal lines con- 
nected to the first and second terminals, respectively; 
and an output transistor. The output transistor is an elec- 
tric field effect transistor which has a gate terminal con- so 
nected to the first signal line and an output terminal for 
outputting an output signal corresponding to a control . 
signal inputted into the gate terminal, and which be- 
comes off when a potential on a first reference potential 
side from its threshold voltage is given as the control 55 
signal and becomes on when a potential on a second 
reference potential side from its threshold voltage is giv- 
en as the control signal. In the logical operation circuit, 



the following operation is performed: The first and sec- 
ond signal lines are connected to one of the first and 
second reference potentials and the other of the first and 
second potentials, respectively, to generate a polariza- 
tion state corresponding to first operation target data in 
the ferroelectric capacitor. The first and second signal 
lines are then both connected to the second reference 
potential to precharge the first signal line to the second 
reference potential without causing a change in the re- 
sidual polarization state of the ferroelectric capacitor. 
Then, the application of voltage to the first signal line is 
stopped and the second signal line is connected to the 
first or second reference potential corresponding to sec- 
ond operation target data, and an output signal pro- 
duced at the output terminal of the output transistor in 
response to a potential which is generated in the first 
signal line when the second signal line is connected to 
the first or second reference potential corresponding to 
the second operation target data is obtained as the re- 
sult of a logical operation on the first and second oper- 
ation target data. 

[01 01] Thus, by properly setting the threshold voltage 
of the output transistor, the result of the logical operation 
can be obtained as an output signal from the output tran- 
sistor. That is, a logical operation can be performed us- 
ing a ferroelectric capacitor. 

[01 02] In the logical operation circuit according to this 
invention, the absolute value Vath of the difference be- 
tween the threshold voltage of the output transistor and 
the first reference potential is equal to or higher than the 
coercive electric field Vc of the ferroelectric capacitor 
and satisfies the following relation: 

CG <= Pr/(Vd - Vc) and CFnon/CG + 1 < Vd/Vath 
wherein 

CG: the gate capacitance of the output transistor, 
CFnon: the average capacitance of the ferroelectric 
capacitor in the non-inversion direction, 
Pr: the residual polarization of the ferroelectric ca- 
pacitor, and 

Vd: the absolute value of the difference between the 
first and second reference potentials. 

[01 03] In the logical operation circuit according to this 
invention, the absolute value Vath of the difference be- 
tween the threshold voltage of the output transistor and 
the first reference potential is smaller than the coercive 
electric field Vc of the ferroelectric capacitor and satis- 
fies the following relation: 

CFnbn/CG + 1 < Vd/Vath < CFrev/CG + 1 
wherein 
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CG: the gate capacitance of the output transistor, 

CFnon: the average capacitance of the ferroelectric 

capacitor in the non-inversion direction, 

CFrev: the average capacitance of the ferroelectric 

capacitor in the inversion direction, and 

Vd: the absolute value of the difference between the 

first and second reference potentials. 

[01 04] Thus, according to either one of above logical 
operation circuits, the polarization state corresponding 
to the first operation target data is not inverted by pro- 
viding the second operation target data even if the val- 
ues of the first and second operation target data are in 
any combination. That is, a logical operation can be per- 
formed on any combination of the first and second op- 
eration target data without destroying the first operation 
target data even when the absolute v^lue Vath of the 
difference between the threshold voltage of the output 
transistor and the first reference potential is equal to or 
higher than the coercive electric field Vc of the ferroe- 
lectric capacitor, or when the absolute value Vath is 
smaller than the coercive electric field Vc of the ferroe- 
lectric capacitor. 

[0105] A logical operation circuit according to this in- 
vention comprises: a non-volatile memory element 
which can retain a non-volatile state corresponding to 
first operation target binary data y and which has first 
and second terminals; and an operation result output 
section which outputs, based on a state of the non-vol- 
atile memory element generated by providing second 
operation target binary data x to the second terminal of 
the non-volatile memory element, the result of a logical 
operation on the first and second operation target binary 
data x and y as operation result binary data z. The op- 
eration result binary data z substantially satisfies the fol- 
lowing relation: 

z = x AND y. 

[0106] Thus, when a non-volatile state of the non-vol- 
atile memory element and the operation result data z 
are associated with each other, it is possible to obtain, 
based on a new non-volatile state of the non-volatile 
memory element generated by providing second oper- 
ation target data x to the non-volatile memory element 
retaining a non-volatile state corresponding to first op- 
eration target data y, the AND of the first and second 
operation target data x and y. That is, a logical operation 
can be performed using a non-volatile memory element 
[01 07] In the logical operation circuit according to this 
invention, the non-volatile memory element includes a 
ferroelectric capacitor and the non-volatile state is a re- 
sidual polarization state of the ferroelectric capacitor. 
Thus, since a ferroelectric capacitor is used as the non- 
volatile memory element, a writing process can be per- 
formed on a low voltage at a high speed. 
[0108] A logical operation circuit according to this in- 



vention comprises: a non-volatile memory element 
which can retain a non-volatile state corresponding to 
first operation target data; and an operation result output 
section which outputs, based on a state of the non-vol- 
5 atile memory element generated by providing second 
operation target data to the non-volatile memory ele- 
ment, the result of a logical operation on the first and 
second operation target data and which is connected to 
a first terminal of the non-volatile memory element. 
10 [01 09] Thus, when a non-volatile state of the non-vol- 
atile memory element and the result of a logical opera- 
tion are associated with each other, it is possible to ob-. 
tain, based on a new non-volatile state of the non-vola- 
tile memory element generated by providing second op- 
ts eration target data to the non-volatile memory element 
retaining a non-volatile state corresponding to first op- 
eration target data, the result of a logical operation on 
the first and second operation target data. That is, a log- 
ical operation can be performed using a non-volatile 
20 memory element. 

[0110] A logical operation device according to this in- 
vention comprises a plurality of logical operation circuits 
of any of the above types which are arranges in series 
and/or parallel to perform a desired operation. 
25 [01 1 1] Since a multiplicity of the logical operation cir- 
cuits, each of which can serve as a logical operation sec- 
tion and a storage section, are combined to perform a 
desired logical operation, it is possible to obtain a logical 
operation device which has a smaller circuit area, in- 
30 eluding the area for wiring, than a conventional logical 
operation device having a separate storage section 
does. Thus, the degree of integration in the device can 
be highly increased, and the power consumption of the 
device can be reduced. Also, since the storage is non- 
35 volatile, no power is required to retain the storage. Thus, 
power consumption during operation can be reduced, 
and little power is consumed during standby. Also, there 
is no need for a backup power source for power shut- 
down. In addition, when an element including a ferroe- 
4 o lectric capacitor is used as a non-volatile memory ele- 
ment, a writing process can be performed at a high 
speed. 

[0112] A logical operation device according to this in- 
vention comprises: a retrieval word retaining section for 

45 retaining a retrieval word as a retrieving target; and a 
word circuit for retaining a reference word as a referenc- 
ing target and determining the coincidence between the 
reference word and the retrieval word, the word circuit 
comprising a plurality of logical operation circuits of any 

so of the above types which are arranges in series and/or 
parallel. 

[01 13] Since a multiplicity of the logical operation cir- 
cuits, each of which can serve as a logical operation sec- 
tion and a storage section, are combined to constitute 
55 a word circuit which determines the coincidence be- 
tween a reference word and a retrieval word, it is pos- 
sible to obtain a coincidence retrieval device which has 
a smaller circuit area, including the area for wiring, than 
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a conventional coincidence retrieval device does. Thus, 
the degree of integration in the device can be highly in- 
creased, and the power consumption of the device can 
be reduced. Also, since the storage is non-volatile, no 
power is required to retain the storage. Thus, power con- 
sumption during operation can be reduced, and little 
power is consumed during standby. Also, there is no 
need for a backup power source for power shutdown. In 
addition, when an element including a ferroelectric ca- 
pacitor is used as a non-volatile memory element, a writ- 
ing process can be performed at a high speed. 
[0114] In the logical operation device according to this 
invention, the word circuit calculates logical values cor- 
responding to EXNORs of bit values of the reference 
word and corresponding bit values of the retrieval word 
using pairs of logical operation circuits connected in se- 
ries for each of bits constituting the reference word, cal- 
culates a logical value corresponding to the AND of all 
the logical values corresponding to the EXNORs calcu- 
lated for each of the bits by connecting all the outputs 
from the pairs of logical operation circuits in parallel, and 
provides the logical value corresponding to the AND as 
its coincidence determining output. 
[01 15] Thus, a coincidence output can be generated 
only when the reference word completely coincides with 
the retrieval word. It is, therefore, possible to constitute 
a highly-integrated, low-power consumption coinci- 
dence retrieval device which can determine whether a 
multiplicity of reference words coincide with a retrieval 
word and extract a reference word which completely co- 
incides with the retrieval word from the multiplicity of ref- 
erence words with ease. 

[0116] While this invention has been described in its 
preferred embodiments, it is understood that the termi- 
nology employed herein is for the purpose of description 
and not of limitation and that changes and variations 
may be made without departing from the spirit and 
scope of the appended claims. 

Claims 

1. A logical operation circuit comprising: 

a ferroelectric capacitor which can retain a po- 
larization state corresponding to first operation 
target data and which has first and second ter- 
minals; 

a first signal line connected to the first terminal; 
a second signal line which can provide second 
. operation target data to the second terminal of 
the ferroelectric capacitor retaining the polari- 
zation state corresponding to the first operation 
target data and which is connected to the sec- 
ond terminal; and 

an operation result output section which out- 
puts the result of a logical operation on the first 
and second operation target data based on a 
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polarization state of the ferroelectric capacitor 
generated by providing the second operation 
target data to the ferroelectric capacitor and 
which is connected to the first signal line. 

5 

2. The logical operation circuit as set forth in Claim 1 , 

wherein the first and second signal lines are 
connected to one of first and second reference po- 
tentials and the other of the first and second refer- 
to . ence potentials, respectively, to generate the polar- 
ization state corresponding to the first operation tar- 
get data in the ferroelectric capacitor. 

3. The logical operation circuit as set forth in Claim 1 
15 or2, 

wherein the operation result output section 
has an electric field effect transistor as an output 
transistor which has a gate terminal connected to 
the first signal line and an output terminal for out- 

20 putting an output signal corresponding to a control 
signal inputted into the gate terminal, and which be- 
comes off when a potential on the first reference po- 
tential side from its threshold voltage is given as the 
control signal and becomes on when a potential on 

25 the second reference potential side from its thresh- 
old voltage is given as the control signal, and 

wherein the result of the logical operation is 
obtained as an output signal from the output tran- 
sistor. 

30 

4. The logical operation circuit as set forth in Claim 3, 

wherein the first signal line can be connected 
to the second reference potential to precharge the 
first terminal of the ferroelectric capacitor retaining 
35 the^polarizatiori state corresponding to the first op- 
eration target data to the second reference poten- 
tial, and 

wherein, when the result of the logical opera- 
tion is outputted, the first signal line is connected to 

^0 the second reference potential and the connection 
is released, then the second signal line is connected 
to the first or second reference potential corre- 
sponding to the second operation target data, and 
the result of the logical operation is outputted based 

45 on a potential which is generated in the first signal 
line when the second signal line is connected to the 
first or second reference potential corresponding to 
the second operation target data. 

50 5. a logical operation circuit comprising: 

a ferroelectric capacitor having first and second 
terminals; 

first and second signal lines connected to the 
55 first and second terminals, respectively; and 

an electric field effect transistor as an output 
transistor which has a gate terminal connected 
to the first signal line and an output terminal for 
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outputting an output signal corresponding to a 
control signal inputted into the gate terminal, 
and which becomes off when a potential on a 
first reference potential side from its threshold 
voltage is given as the control signal and be- £ 
comes on when a potential on a second refer- 
ence potential side from its threshold voltage is 
given as the control signal, 

wherein the first and second signal lines are to 
connected to one of the first and second reference 
potentials and the other of the first and second po- 
tentials, respectively, to generate a polarization 
state corresponding to first operation target data in 
the ferroelectric capacitor, f 5 

the first and second signal lines are then both 
connected to the second reference potential to pre- 
charge the first signal line to the second reference 
potential without causing a change in the residual 
polarization state of the ferroelectric capacitor, and 20 

the application of voltage to the first signal line 
is stopped and the second signal line is connected 
to the first or second reference potential corre- 
sponding to second operation target data, and an 
output signal produced at the output terminal of the 25 
output transistor in response to a potential which is 
generated in the first signal line when the second 
signal line is connected to the first or second refer- 
ence potential corresponding to the second opera- 
tion target data is obtained as the result of a logical 30 
operation on the first arid second operation target 
data. 

The logical operation circuit as set forth in Claim 4 
or 5, 35 

wherein the absolute value Vath of the differ- 
ence between the threshold voltage of the output 
transistor and the first reference potential is equal 
to or higher than the coercive electric field Vc of the 
ferroelectric capacitor and satisfies the following re- *o 
lation: 

CG <= Pr/(Vd - Vc) and CFnon/CG + 1 < Vd/Vath 

45 

wherein 

CG: the gate capacitance of the output transis- 
tor, 

CFnon: the average capacitance of the ferroe- so 
lectric capacitor in the non-inversion direction, 
Pr. the residual polarization of the ferroelectric 
capacitor, and 

Vd: the absolute value of the difference be- 
tween the first and second reference potentials. 55 

The logical operation circuit as set forth in Claim 4 
or 5, 



wherein the absolute value Vath of the differ- 
ence between the threshold voltage of the output 
transistor and the. first reference potential is smaller 
than the coercive electric field Vc of the ferroelectric 
capacitor and satisfies the following relation: 

CFnon/CG + 1< Vd/Vath < CFrev/CG + 1 
wherein 

CG: the gate capacitance of the output transis- 
tor, 

CFnon: the average capacitance of the ferroe- 
lectric capacitor in the non-inversion direction, 
CFrev: the average capacitance of the ferroe- 
lectric capacitor in the inversion direction, and 
Vd: the absolute value of the difference be- 
tween the first and second reference potentials. 

8. A logical operation circuit comprising: 

a non-volatile memory element which can re- 
tain a non-volatile state corresponding to first 
operation target binary data y and which has 
first and second terminals; and 
an operation result output section which out- 
puts, based on a state of the non-volatile mem- 
ory element generated by providing second op- 
eration target binary data x to the second ter- 
minal of the non-volatile memory element, the 
result of a logical operation on the first and sec- 
ond operation target binary data x and y as op- 
eration result binary data z, 

wherein the operation result binary data z 
substantially satisfies the following relation: 

z = xANDy. 

9. The logical operation circuit as set forth in Claim 8, 

wherein the non-volatile memory element in- 
cludes a ferroelectric capacitor and the non-volatile 
state is a residual polarization state of the ferroe- 
lectric capacitor. 

10. A logical operation circuit comprising: 

a non-volatile memory element which can re- 
tain a non-volatile state corresponding to first 
operation target data; and 
an operation result output section which out- 
puts, based on a state of the non-volatile mem- 
ory element generated by providing second op- 
eration target data to the non-volatile memory 
element, the result of a logical operation on the 
first and second operation target data and 
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whichis connected to a first terminal of the non- 
volatile memory element. 

11. A logical operation device comprising a plurality of 
logical operation circuits according to any one of 5 
Claims 1 to 10 which are arranges in series and/or 
parallel to perform a desired operation. 

12. A logical operation device comprising: 

10 

a retrieval word retaining section for retaining a 
retrieval word as a retrieving target; and 
a word circuit for retaining a reference word as 
a referencing target and determining the coin- 
cidence between the reference word and the 15 
retrieval word, 

the word circuit comprising a plurality of logical 
operation circuits according to any one of 
Claims 1 to 10 which are arranges in series and/ 
or parallel. 20 

13. The logical operation device as set forth in Claim 12, 

wherein the word circuit calculates logical val- 
ues corresponding to EXNORs of bit values of the 
reference word and corresponding bit values of the 2 $ 
retrieval word using pairs of logical operation cir- 
cuits connected in series for each of bits constituting 
the reference word, calculates a logical value cor- 
responding to the AND of all the logical values cor- 
responding to the EXNORs calculated for each of 30 
the bits by connecting all the outputs from the pairs 
of logical operation circuits in parallel, and provides 
the logical value corresponding to the AND as its 
coincidence determining output. 

35 

14. A logical operation method comprising the steps of: 

causing a first ferroelectric capacitor having 
first and second terminals to retain a polariza- 
tion state corresponding to first operation target *o 
data; 

charging the first terminal of the ferroelectric 
capacitor retaining the polarization state to a 
specified reference potential; and 
obtaining, based on a polarization state of the 45 
ferroelectric capacitor generated by providing 
second operation target data to the second ter- 
minal of the ferroelectric capacitor with the first 
terminal of the ferroelectric capacitor charged 
to the specified reference potential, the result so 
of a logical operation on the first and second 
operation target data. 
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